Abstract-Breast cancer is among the leading causes of death in women worldwide. Screen-film mammography (SFM) is still the standard method used to detect early breast cancer thus leading to early treatment. Digital mammography (DM) has recently been designated as the imaging technology with the greatest potential for improving the diagnosis of breast cancer. For successful mammography, high quality images must be achieved and maintained, and reproducible quantitative quality control (QC) testing is thus required. Assessing images of known reference phantoms is one accepted method of doing QC testing. Quantitative QC techniques are useful for the long-term followup of mammographic quality. Following a comprehensive critical evaluation of available mammography phantoms, it was concluded that a more suitable phantom for DM could be designed. A new relatively inexpensive Applied Physics Group (APG) phantom was designed to be fast and easy to use, to provide the user with quantitative and qualitative measures of high and low contrast resolution over the full field of view and to demonstrate any geometric distortions. It was designed to cover the entire image receptor so as to assess the heel effect, and to be suitable for both SFM and DM. The APG phantom was designed and fabricated with embedded test objects and software routines were developed to provide a complete toolkit for SFM and DM QC. The test objects were investigated before embedding them. The locally sourced, relatively low cost materials (fishing lines, marble stone chips, epoxy resin, tantalum plates and aluminum step wedges) used for these objects were chosen to have X-ray absorption characteristics that spanned the visibility of features in mammographic images.
I. INTRODUCTION
Mammography is technically one of the most demanding radiographic investigations and consistently high quality mammograms are difficult to obtain. Poor quality films can only lead to mistaken diagnoses and increase the number of inappropriate biopsies. In order to monitor this high image quality and to show that it has not deteriorated over a long period of time it is usual to use one or more image quality phantoms and to take radiographs of these at regular intervals [1, 2] . There are multiple advantages using phantoms for image quality evaluation. Firstly, the test objects that constitute the phantom and their distribution are known and unvarying for a given phantom, thus we know what to search for in the image. Secondly, images of the phantom under non clinical conditions can be obtained without exposing the patient. Finally, it is possible to obtain as many phantom images as necessary for inter-comparison, thus allowing the study of image quality over an extended period [3] .
Some phantoms e.g. the ACR phantom, are widely used and accepted for routine testing of screen-film mammography (SFM) units. However, suitable phantoms for use in QC for digital mammography (DM) are still under discussion. There is no consensus as to which phantom is most appropriate for DM QC. The lack of a widely accepted QC phantom as well as the improvement of contrast and image quality in DM requires a newly designed phantom, with appropriate test objects, which is designed to assess the particular characteristics of digital imaging systems [4] . A proposal is made here for a standard QC phantom to be used for SFM and DM QC which is made from low cost local materials. Automatic analysis of the QC test images would be appropriate in DM systems which inherently have acquired QC information in digital form. The Applied Physics Group (APG) Phantom, together with the automatic software can be used to assess as many performance parameters as possible in a single exposure. This new phantom should also be acceptable and readily understood by the current clinical user community, who in South Africa and Sudan generally use the ACR phantom.
II. MATERIAL AND METHODS
The APG phantom ( Fig. 1 ) was designed to contain objects similar to the ACR phantom, allowing ready comparison, and having similar characteristics of diagnostic interest. Each of the 4 quadrants it contain dental wax inserts with: short lengths of fishing line slanted at ± 45º to simulate soft tissue edges, small particles of marble stone to simulate micro-calcifications and low contrast lens shaped Spurr's resin objects to simulate tumors. The system resolution is evaluated by measuring the modulation transfer function (MTF) for twelve squares of tantalum slanted at 1.5˚ anticlockwise. The phantom also contains uniform areas to measure noise, squares of tantalum to measure the coincidence between the light and the X-ray fields, which can be useful for different field sizes, aluminum step wedges for contrast and dynamic range measurements and finally there is an aluminum plate with a unique identification number embedded in each phantom. 
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Beam alignment sizes and materials including fishing lines, marble stone chips and epoxy resin. The basic arrangement was repeated in the four quadrants to allow measurements over the whole field view. The geometrical arrangement of the test objects were kept as close as possible to that of the ACR phantom. The observers should be able to easily score the test objects from their experience of scoring the ACR phantom. The APG phantom was tested at 12 clinical sites and scored subjectively (medical physicists) and automatically using the automatic template matching algorithm shown below. having a width (obtained from the fitted Gaussian and quadratic template (the sum of a Gaussian and a quadratic was used as a fitting function to determine the width of the masses, specks and fibres in the APG phantom images, the Gauss fit (standard routine in IDL) computes a non-linear least-squares fit to a function f (x) with from three to six unknown parameters (f (x) is a linear combination of a Gaussian and a quadratic)) that was optimized to the scale size of the test objects. This resulted in visible peaks for all structures. To find the individual objects in the image they were modelled as a symmetric Gaussian kernel for specks and masses because the shapes of the masses and the specks are lens and spherical respectively and this tend to follow a Gaussian distribution. For the fibres are empirically found to be well fitted to symmetric Gaussian distributions. The fibres require a non symmetric Gaussian kernel. The test objects in the APG phantom images were then searched using these Gaussian kernels which had a width that were optimized to the scale size of the objects. This process was obtained through cross correlation using FFT. Circle and fiber edge detectors were developed as new techniques to enhance the imaged masses, specks and fibers by considering the specific characteristics of these test objects (the circle edge detector was create by first cross correlating the image with an annular circle of radius 1 r then to subtract this from the result of using an annular circle of radius 2 r . To create a fibre edge detector the image is first cross correlated with an elliptical annular ring of radius 1 r then subtracted from the result when using an elliptical annular ring of radius 2 r . This elliptical ring shape edge detector was selected to simulate rectangular shape fibre in APG phantoms). The Visibility Index (V) was calculated automatically by subtracting the mean of the background (Local background 50 pixels) B from the height of the peak 0 A and dividing the result by the standard deviation of the background B σ .
III. RESULTS AND DISCUSSIONS

A. Micro-calcification simulation
The presence of breast cancer is often revealed on mammography films by clusters of micro-calcifications. The composition of micro-calcification varies between calcium carbonate (CaCO 3 ), calcium oxalate (CaC 2 O 4 ) and apatite (Ca 5 (PO 4 ) 3 OH [5] . Although pure CaCO 3 is usually used to produce specks in QC phantoms in the form of crystal or powder, the crystals are quite expensive and thus, their use for the APG QC phantom was ruled out. Powdered CaCO 3 is readily available but it is not easily formed into a stable solid which could be accurately sized, like a crystal. Many other sources of naturally occurring CaCO 3 are available and some were analyzed for purity and suitability for use as specks in the APG phantom. Possible sources of CaCO 3 that were analyzed included ostrich egg, marble stone and sea shells. Different elemental composition analyses including dispersive X-ray analysis, X-ray diffraction and X-ray fluorescence analysis were performed to test the suitability of the selected materials and to confirm whether they had elemental composition similar to chemically pure CaCO 3 . These results showed that the ostrich and the marble have a more consistent composition than the sea shells. Since marble is readily available internationally (unlike the ostrich egg which is limited to certain places in the world), it was selected as the material of choice to simulate micro-calcifications (Fig. 2) in the new APG phantom. The automatic detection of marble specks using a symmetric Gaussian produced a result which demonstrates the relatively high peaked intensities (Fig. 3) showing the marble chips. The Visibility Index was calculated for each of these peaks as shown in the template matching algorithm.
B. Fibrous tissue simulation
Spiculated lesions are one of the features of interest to radiologists. These appear as star-like fibers with jagged edges, caused by a radial contraction of tissue, which radiates out from the normal surrounding tissue. Breastequivalent materials, such as Perspex and nylon, are widely used to simulate the fibers that radiate out from such spiculated regions [6] . Nylon filaments have been used to simulate soft tissue fibrils embedded in fat [7] . Fishing line was chosen here because it is cheap and a wide selection of fishing lines is readily available with a range of different diameters (Fig. 4) . The automatic detected fiber is also shown (Fig. 5) . 
C. Tumor (masses) simulation
The aim of using mass test objects is to provide a measurement of the low-contrast sensitivity of the mammography systems, which is relevant to the detection of tumor within the breast. Tissue equivalent materials have been used to obtain information on image quality and overall system performance. The use of tissue equivalent materials is highly recommended for all radiographic diagnostic facilities. The most commonly used materials are plastic or epoxy, since these materials possess an elemental composition and density similar to real human tissue and also allow machining [8, 9] . Spurr's resin was selected to be used as the tumor simulating material in the new APG phantom (Fig. 6) . The automatic detection of the masses using a symmetric Gaussian was shown in Fig 7 . 
IV. CONCLUSIONS
We have met the goal of making a single novel prototype mammography QC phantom, which it is easy to construct from local materials and easier to use than available mammography QC phantoms. The design specifications provide a reproducible and quantifiable test of image quality to be used for the routine QC of SFM and DM systems. The major shortcoming of the ACR phantom has been solved in the new APG phantom. The phantom prize is approximately 80% cheaper than other mammography QC phantoms. A QC phantom of this design using local low cost materials has not been previously reported in the literature. Simple automatic quantitative QC analysis to verify whether a mammography system operates at optimal conditions could be done using the phantom described.
